Abstract-Research has indicated that microRNAs (miRNAs), a special class of non-coding RNAs (ncRNAs), can perform important roles in different biological and pathological processes. Fortunately, semantic technologies that are based on domain ontologies can render great assistance in this regard. In our previous investigations, we developed a miRNA domain-specific application ontology, Qntology for MIcroRNA Target (OMIT), to provide the community with common data elements and data exchange standards in the miRNA research. This paper describes
I. INTRODUCTION
In biological, biomedical, and clinical investigation, mi croRNAs (miRNAs) are considered as important non-coding RNAs (ncRNAs). Prior research [1] [2] has indicated that miRNAs are able to perform significant roles in both biological and pathological processes, thus affecting the control and regulation of various human diseases. The mechanism by which miRNAs realize their critical functions is through some special binding to respective target genes (short for targets). Therefore, the ability to effectively identify and analyze dif ferent miRNA-target interactions has become a key step to completely understand and fully delineate miRNAs' functions.
Conventionally, data end users (that is, biologists, bioin formaticians, and clinical investigators) need to search for (l) biologically validated miRNA targets (for example, by querying the PubMed database [3] ) and (2) computationally putative miRNA targets (for example, by initiating inquiries on various prediction databases or websites such as miRDB [4] ). Not only manual searches are necessary among all involved data sources, but also more importantly, these data sources are semantically heterogeneous among each otherin other words, the meanings of data from different sources are usually quite different from each other and thus in many cases confusing to end users. Therefore, it has been extremely challenging for users to identify and establish possible links among original data sources. As a result, there exist significant barriers during conventional miRNA knowledge discovery and acquisition, which is time-consuming, labor-intensive, error prone, and subject to end users' limited prior knowledge. In addition, the situation can be far worse: more often than not, it is also necessary to obtain additional information for each and every miRNA target, either validated or putative, from relevant data sources such as NCBI Gene [5] and NCBI Nucleotide [6] . Likewise, these additional data sources are also highly heterogeneous with each other.
Emerging semantic technologies are believed to be able to significantly assist with handling the aforementioned challenge in the miRNA knowledge acquisition. The core of the current semantic technologies include formal specifications such as the Resource Description Framework (RDF), RDF Schema (RDFS), and Web Ontology Language (OWL), all of which are intended to provide a formal description of concepts, terms, and relationships, as well as to enable automatic reasoning (inference) within a given domain. One way to apply semantic technologies in miRNA knowledge acquisition is to transform data obtained from miRNA-related databases into RDF by annotating original data with formally defined ontologies. After such data annotation we can then use SPARQL Protocol and RDF Query Language (SPARQL) [7] to issue a search query based on the RDF model.
In our previous research [8] [9] [10] [11] [12] [13] we investigated the con struction of an application ontology for the miRNA field, named Qntology for MIcroRNA larget (OMIT), the first of its kind that formally encodes miRNA domain knowledge. By providing a standardized metadata model to help establish miRNA data connections among heterogeneous sources, OMIT was meant to fill the gap of lacking conunon data elements and data exchange standards for the miRNA research, especially with regard to miRNA-target interactions.
There are two major scientific contributions in this paper: (1) our continuing efforts and significant improvements on the OMIT ontology development and (2) the application of the OMIT to enable a semantic approach for knowledge capture of miRNA-target interactions, leading to more effective miRNA data integration and knowledge discovery.
The rest of this paper is organized as follows. Section II summarizes state-of-the-art research in biomedical ontologies and semantic mapping & search, respectively; Section III reports our efforts on reconstructing the OMIT ontology; Section IV describes a set of software packages to realize miRNA semantic annotation, data integration, and semantic search; Section V reports our experimental results along with discussion; finally, Section VI concludes with some future research work.
II. RELATED WORK

A. Related work in biomedical ontologies
Ontologies have been widely utilized in biological, biomed ical, and clinical research. We briefly describe some represen tative bio-ontologies included in both the Open Biological and Biomedical Ontologies (OBO) Library [14] and the National Center for Biomedical Ontology (NCBO) BioPortal [15] .
Gene Ontology (GO) [16] : GO is by far the most successful and widely used bio-ontology, consisting of three independent sub-ontologies: biological processes, molecular functions, and cellular components. The GO has been utilized to annotate gene products of model organisms including Homo sapiens.
Sequence Ontology (SO) [17] : SO is an ontology to capture genomic features and the relationships that obtain between them. This ontology contains the features necessary to annotate a genome with structural features such as gene models and also the terms necessary for the annotation of genomic variants.
PRotein Ontology (PRO) [18] : Proteins are functional en tities in many processes eventually impacted by the regulatory effect of ncRNAs (e.g., miRNA bindings). The PRO, with a particular focus on human proteins and disease-related variants thereof, provides an ontological representation of proteins.
RNA Ontology (RNAO) [19] : RNAO is an OBO foundry reference ontology to catalogue the molecular entities compos ing primary, secondary, and tertiary components of RNA. The goal of the RNAO project is to enable integration and analysis of diverse RNA datasets.
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B. Related work in semantic mapping and semantic search Our investigation in this paper is related to the research efforts to map different semantic models, such as ontolo gies, RDFIRDFS, and relational databases. In the early work, Premerlani [20] proposed a seven-step reverse engineering process and gave the guidelines to get mappings between semantic models and original schemas. Specially, one similar approach [21] to our database-to-RDF approach was to map a relational model to frame logic that can be represented in RDF. Another approach in the DOGMA ontology framework [22] also discussed how to translate a query written in some ontology language into a Structured Query Language (SQL) [23] query. A more recent research described in [24] provided a description logic-based ontology language to capture features from entity-relationship (ER) and Unified Modeling Language (UML) class diagrams. Their approach was proven to preserve the semantics of the constraints in relational databases.
As to be demonstrated and discussed later in this paper, our research focus is not just on representing relational models and relevant data in RDFIRDFS; but also more importantly, we aim to show how semantic search queries can be implemented as RDF SPARQL queries.
Semantic search is a research field that intends to improve the access to contents by considering the semantics behind the search process [25] . In other words, semantic search goes beyond keyword-based search by considering contextual meaning of words, the intend of the user and the search space. Ontologies can improve the search by query expansion. The original set of query keywords can be expanded by considering their synonyms or their relationship to other words that are not part of the query. In the work by Chauhan et al. [26] , the original query was first expanded by considering synonyms, then terms with high semantic similarity were chosen from the ontology to be integrated to the search query, and the semantic similarity used for the query expansion was computed by the distance among concepts in the ontology, the position in the hierarchy, and the number of upper classes. On the other hand, ontology can also be used to translate keyword-based search into formal queries. For example, Tran et al. [25] used a set of models (mental, user, system, and query) to capture information, such as thought entities, language primitives, knowledge representation (KR) primitives, and query elements. These models were combined with a set of assumptions to redefine original queries, filling the gap between terms with structural information from an ontology (e.g., one term of the query is a property of another term). Similarly, SemSearch transformed original search queries based on concepts and instances from an ontology. Depending on the number of keywords involved in the search, queries were mapped into a set of structured templates.
III. OMIT RECONSTRUCTION
We have significantly reconstructed the OMIT ontolgy, and we followed the same development procedure as we did in our previous investigations, that is, iteratively combining both top down and bottom-up processes. Table I lists a subset of important terms and relations imported into the OMIT.
• All terms are shown in a normal font, whereas all relations are shown in an italicized font.
• The fonnat for the left column (Imported Term or Relation) is "PREFIX:human-readable label" (e.g., "BF O:hasyart").
• The fonnat for the right column (Source Ontology and Original ID) is "PREFIX_unique identifier" (e.g., "BFO_0000051").
B. Bottom-up process
We continued to create new terms based on an in-depth analysis of different data sources, such as: miRBase [33], miRDB [4], TargetScan [34] , miRGator [35] , and miRanda [36] . In particular, we designed a software module (greater details can be found in Section IV) to generate new terms from the PubMed database [3] .
C. Core design of the OMIT
The core design of the OMIT ontology is shown in Fig. l . Compared with previously released versions, the current ver sion contains many important new terms and relations, and some of which are listed in Tables II and III, respectively. • Both terms and relations are represented in the format of "PREFIX:label" in Fig. l. • For the purpose of better readability, labels rather than identifiers are used in Tables II and III. • Relations in Table III were either defined in or im ported into the OMIT, which can be easily distin guished from each other by different prefixes used in the first column.
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IV. SOFTWARE MODULES
A. Term-from-PubMed module
The purpose of the Term-from-PubMed software module is to create new terms out of PubMed abstracts. The software architecture is demonstrated in Fig. 2. 
1)
A total of 49,447 abstracts were downloaded from the PubMed database, using the search term "microRNA or miRNA or miR." 2)
We utilized the OpenNLP Library [37] to process all these abstracts and obtained a total of 488,576 nouns and noun phrases.
3)
All nouns and noun phrases were mapped with exist ing OMIT terms or relations through an ontology alignment tool developed in one of our previous investigations [38] . 4)
All unmatched nouns or noun phrases were treated as candidate terms and sorted by their cumulative frequencies among all abstracts.
5)
Those candidate terms with a frequency equal to or greater than 2,452 were presented to domain experts (five cellular biologists in our research group) for further checking (some example candidate terms are demonstrated in Table IV ).
6)
Finally, we added a total of 117 new terms into the OMIT ontology.
V. RESULT S AND DISCUSSION
A. The refactored OMIT ontology
The updated OMIT ontology contains a total of 3,081 terms and 60 relations (besides is_a). Screenshots of the resultant ontology in OBO-Edit [39] and Protege [40] are demonstrated in Fig. 3 and Fig. 4 , respectively. Note that both screenshots show the scenario where the term "OMIT computationally _asserted_evidence" was selected.
B. Semantic search results 1) Experimental setup: SPARQL queries and user interface were served from the Neurocommons server [41] , a vintage 2007 server with 2 2-core Xeon X5355 processors@2.66Ghz, with 32 GB of memory and 8 SATA hard disks. Other experiments were conducted on personal computers (PCs) with the following configuration: Intel(R) Core(TM) i7-3632 QM CPU @ 2.20 GHz 2.20 GHz; 8.00 GB memory; and Windows 7 64-bit Operating System.
2) Semantic search setting: To evaluate how OMIT can help connect different type of information that are available for the biomedical community, we have used OMIT to answer two questions of interest for a biologist.
We have added a small set of instances from platforms such as miRDB and PubMed. From miRDB [4], we have obtained miRNA-target relationships to the NCBI database and GenBank. We have selected from PubMed publications (i.e., their summaries) which are related to the selected set of genes from miRDB. Although this type of information can be obtained and integrated through D2RQ, we have used the ontology editor, Protege, to add the instances into the ontology because we have focused on a specific set of instances and concepts.
We have used the SPARQL engine Twinkle [42] to generate and test the queries that can provide the answers to our two evaluation questions. Twinkle provides a GUI to the SPARQL engine, which is simple enough for learning how to structure queries, yet powerful enough for more sophisticated semantic query development. Twinkle queries local and remote RDF documents, and it can perfonn inference over RDF Schema and OWL ontologies. The two questions queried are presented next. 3) Semantic search: Two original questions from the biol ogists:
• Our first evaluation question is about the role of hsa mir-125b in cancer drug resistance (e.g., !RF4).
• The second question is regarding the role of hsa-mir-21 in regulating apoptosis.
The queries for both questions use miRNA as the starting point. As we can see in Fig. 5 , from miRNA we can determine predicted target genes from miRDB. The gene information gives access to PubMed publications that are related to a specific gene (i.e., information from NCB! gene). With the PubMed information, we can retrieve summary and identifica tion of the relevant publications. Both question use the same approach to retrieve information. The only difference in queries between the two is that instead of filtering by hsa-miR-125b-5p and IRF4, we filter by hsa-miR21-5p and PDCD4 (i.e., programmed cell death 4). The following is the SPARQL query for the first question with the results of the semantic search in Table V : [30] . Because the NCRO is a comprehensive domain ontology in the ncRNA field, following the NCRO hierarchy will enhance the interoperability be tween the OMIT and future ontologies to be developed in other ncRNA sub-domains.
All miRNAs appearing in humans were encoded, along with the information about the gene family group of each miRNA. According to miRBase [33] , there are a total of 1,981 distinct human miRNAs, belonging to 320 different gene family groups. This information can be highly valuable because the fact that two or more miRNAs of interest indeed belong to the same gene family group can provide biologists, bioinformaticians, and clinical investigators with crit ical clues in constructing new hypothesis. To further disseminate the ontology, and, to gather feedback from community in a more effective manner, we created a GitHub project site for the OMIT, on top of three available resources (a designated project website [43] , the OBO Library [44] , and the NCBO BioPortal [45] ) that were established in our previous investigations.
We also established a tracker [46] for an enhanced mechanism in handling the discussion among groups to further improve the ontology. New concepts, def initions, and their locations in the OMIT can be proposed, debated, and approved (or rejected) by an open group of individuals through this tracker.
2) Semantic search: In the process of evaluating the OMIT for semantic search, it becomes clear that the ontology is highly connected. This high connectivity between concepts in the ontology allows us to develop approaches for querying. This translates to more efficient queries and more complete an swers. This high connectivity also leads to certain redundancy PubMed ID from Summary
NCB! Gene
The PDCD4/miR-21 pathway in medullary thyroid carcinoma. in the data. We could modify OMIT to avoid the redundancy by eliminating or consolidating concepts and relationships. How ever, these changes can lead to contradictions to the domain knowledge. Another alternative is to use the redundancy as a validation mechanism for the query or the data itself. However, it is not clear how a validation mechanism could affect the performance when answering queries.
VI. CONCLUSIONS
As a special class of ncRNAs, miRNAs have been demon strated to play important roles in various biological and patho logical processes. Because miRNAs realize their functions by regulating respective targets, it is critical to identify and analyze miRNA-target interactions for a better delineation of miRNAs' functions. Emerging semantic technologies and domain ontologies have been utilized to overcome limitations identified during conventional miRNA knowledge acquisition methods. We followed the research direction identified in our previous investigations regarding the establishment of common data elements and data exchange standards in the miRNA research. Specifically, our major contributions in this paper are: (1) our continuing efforts and significant improvements on the OMIT ontology development and (2) the application of the OMIT to enable a semantic approach for knowledge capture of miRNA-target interactions, leading to more effective miRNA data integration and knowledge discovery. This paper describes our research design, methodologies, software implementation, experimental outcomes, and relevant discussion.
One obvious future research direction is to continue the development and refinement of the OMIT ontology. Another interesting piece of future work is to incorporate into our system other related data sources during the miRNA knowledge discovery and acquisition.
